Abstract-As device dimensions decrease, single displacement effects become more important. We measured the gain degradation in III-V heterojunction bipolar transistors due to single particles using a heavy ion microbeam. Two devices with different sizes were irradiated with various ion species ranging from oxygen to gold to study the effect of the irradiation ion mass on gain change. From the single steps in the inverse gain (which is proportional to the number of defects), we calculated cumulative distribution functions to help determine design margins. The displacement process was modeled using the MARLOWE binary collision approximation code. The entire structure of the device was modeled and the defects in the base-emitter junction were counted to be compared with the experimental results. While we found good agreement for the large device, we had to modify our model to reach reasonable agreement for the small device.
I. INTRODUCTION
N EUTRONS and ions cause displacement damage in electronic devices, which leads to gain degradation in bipolar junction transistors (BJTs) and heterojunction BJTs (HBTs). The gain degradation occurs through the increase in the recombination component of the base current due to the Shockley-Read-Hall effect [1] . As device sizes decrease, fewer and fewer particles can cause observable displacement damage. In reverse-biased junctions such as diodes and CCDs, this leads to an increase in the leakage current. The effects of single particles were observed in silicon devices by neutrons and fission fragments by Srour and Hartmann [2] , Marshall et al. [3] , Edmonds and Scheick [4] , Gereth et al. [5] , and Auden et al. [6] , [7] and in AlGaN/GaN HEMTs [8] . In BJTs, it is much harder to observe this effect. They are usually large, and the change in the base current due to displacement damage is so small that it is practically not measurable. On the other hand, today's HBTs are significantly smaller and a small number of particles can create defects whose number can reach a significant fraction of the atoms in the sensitive volume; therefore, the change in the base current is measurable. [9] in III-V n-p-n HBTs irradiated by neutrons in the Sandia National Laboratories (SNL) Annular Core Research Reactor. Since defect creation is a stochastic process, gain degradation will statistically vary for single or small number of particles. This makes it difficult to determine design margins.
As displacement damage is caused by the target recoil atoms created by neutrons, at SNL we developed a methodology to use heavy ions to simulate fast neutron pulses [10] - [13] . Ion fluences are scaled to neutron fluences using the MessengerSpratt (MS) expression defining the relation between the inverse gain degradation (DIG) and particle fluence [14] 1
where G and G 0 are the gain and the initial gain, is the particle fluence, k is the damage factor, and N d is the number of defects. For small devices and low fluence, we observed large variation in the gain degradation, which in part motivated this work. We used the SNL nuclear microprobe to irradiate smallarea HBTs with a low particle current to be able to observe the effect of single ions. Since the devices were designed and manufactured at SNL, we had access to the exact structure and properties of the devices. The MARLOWE binary collision approximation code [15] was used to calculate the number of defects in the sensitive volume.
II. EXPERIMENTAL AND SIMULATION DETAILS
The SNL nuclear microprobe focuses tens of megaelectronvolt heavy ions from a tandem accelerator on a micrometer diameter spot. The beam is electrostatically scanned over the area of the device. More detailed description can be found in [16] - [18] . One 10 × 50 μm 2 HBT was irradiated with 24-MeV O beam and two smaller, 5 × 10 μm 2 , HBTs were irradiated with 7-MeV Si and 22-MeV Au beams. The energies were selected to place the end-of-range (EOR) of the ions into the base. The two devices had different Au overlayers (thick for the large device and thin for the small device). All devices were operated in constant emitter current mode at 0.22 mA and 4-V collector voltage. All currents were 0018-9499 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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continuously recorded using current viewing resistors and a Yokogawa DL750 oscilloscope. In addition, the beam position (X and Y ) was recorded simultaneously. The sampling rate was 200 ksample/s, one point at each 5 μs. The ion beam current was kept at ∼500 ions/s on average. Since the arrival of the ions follows Poisson statistics, this ensured that the probability of more than one ion arriving in the sampling interval was less than 3.2 × 10 −4 %. The average gain degradation per ion was determined by measuring the MS curves at a significantly higher fluence and was found to be 3.25 × 10 −6 , 4.5 × 10 −5 , and 1.23 × 10 −4 for O, Si, and Au irradiations, respectively. The waveforms were processed after the irradiation, steps in the gain were identified, and the cumulative distribution function (CDF) was calculated for the DIG.
The CDF gives the probability that the gain degradation is less than a certain value. The ideal CDF would be a step function, which means that each particle causes exactly the same gain degradation, i.e., there is no stochastic variation. The smaller the slope of the CDF curve, the larger is the statistical variation. The CDF curve tells us the DIG range that falls within a certain probability range (usually it is calculated to be between 10% and 90%). The noise levels were different in different experiments (varied from device to device), and we could measure inverse gain degradation down to ∼1.5 × 10 −4 , 3.1 × 10 −5 , and 8 × 10 −6 for the three different irradiations. Please note that for the O irradiation and large HBT this lower limit was larger than the average inverse gain degradation. Since we could not measure very small gain degradations and most ions cause very small gain degradation, we developed the following procedure.
1) Identify the gain steps in the transient.
2) Determine the gain degradation for the entire scan, which included the identified steps and gain degradation due to individually unmeasurable changes. 3) Use the average gain degradation to calculate the total number of ions per scan. 4) Set the first channel of the distribution of gain degradation to the total number of single steps. (All these ions had gain degradation less than the measurable minimum.) This allowed us to calculate CDFs from the experimental data. Obviously, this CDF gave information only above the minimum detectable gain change.
For the defect simulation, 100 000 (for O and Si) and 12 000 (for Au) collision cascades were simulated to achieve reasonable statistics. The defects in the HBT base were counted and scaled by the average gain degradation (average number of defects divided by the average gain degradation). The resulting CDF was calculated and compared with the experimental one.
III. RESULTS Fig. 2 shows typical responses to a single ion strike. As discussed earlier, the experiment's parameters were such that the probability of getting more than one ion in the sampling interval was negligible. The responses clearly show that the gain degradation occurred in one sampling interval; therefore, it was due to a single ion. The transient shown with a line shows a short time annealing on a millisecond scale. The transient shown with symbols, significantly smaller than the one on the top, shows practically no annealing. According to device simulations [19] , the first kind of transient is representative of defects created in the base-emitter junction, while the second kind of transient indicates defects created in the neutral base. Fig. 3 shows both the experimental and simulated CDF for 24-MeV O irradiation of the larger device. The agreement between the measured and simulated CDF is very good.
As we pointed out earlier, the experimental data are limited by the noise in the experimental environment. On the other hand, the simulation is not limited by noise, so we can explore the lower regions of the CDF curve. Fig. 4 shows the simulation with an extended gain degradation scale. The slope of the CDF is a measure of variation of gain degradation (steeper curve means less variation).
• More than 80% of the ions cause gain degradation smaller than average (see Fig. 4 ).
• A few ions create large gain degradation, which determines the average. • There is a large variation in gain degradation created by one single ion. Since the experimental data sets were recorded by scanning the device several times, we used each of the scans as an individual data set. The gain degradation was determined for each scan (which is larger than the sum of the steps found in the scan due to many small, undetectable gain changes) and the CDF was calculated. On average, 82 ions/scan (1.7 × 10 7 ions/cm 2 ) were delivered. With this small fluence, there are two factors that contribute to the variation in the gain change. One factor is that because of the small sensitive volume the number of defects created by a single ion can significantly vary due to the stochastic nature of the defect creation process. The second factor is that the ion fluence follows Poisson statistics, so for low fluences, the relative variation is quite large. We sampled the simulated defect data using Poisson statistics for the primary ions with a mean value of 82 and then calculated the CDF of the number of defects. Fig. 5 shows the CDF for these low fluences. The simulation and experiment agree well and predict significant variation.
Similar experiments were performed with 7-MeV Si and 22-MeV Au ions on the smaller device to see the effect of ion mass. Fig. 6 shows the CDF for the small HBT irradiation; the previous experiment is included in Fig. 6 for reference. The CDFs show that one ion causes significantly more gain degradation in the small device than in the large device. Also, we can conclude from Fig. 6 that the ratio of high damage/low damage ions is larger for the Au irradiation than for the Si irradiation as expected, as Au ions create more defects/ion than Si ions.
From the CDF (or directly from the data) we see that less than 1% of the Si ions cause gain degradation above the minimum detectable limit, while this number is 4% for the Au ions. Fig. 7 shows a comparison of the simulated and measured CDF curves, indicating a relatively poor agreement for the heavy-ion irradiation of the small device.
From this it is clear that in the experiments we measured very large gain degradations, which are not present in the simulation. The ratio of the maximum DIG to the average DIG is an order of magnitude larger than the ratio of the maximum number of defects to the average number of defects. That makes the average DIG from the MS curves suspect. There is a strong argument that supports increasing the average DIG to fit the experimental curve. In an MS experiment, usually several tens of microsecond pulses are used to produce the required fluence. The DIG is measured a few minutes after each pulse. These devices undergo both thermal and injection annealing during this time.
Since both large and small devices were operated at the same fixed emitter current, the current density was much larger, and therefore more annealing occurred in the small device than in the large device. Also, as shown in Fig. 2 , the large gain degradations were followed by significant annealing while the small ones were not. By changing the average DIG to 1.8 × 10 −4 for Si and 1.5 × 10 −3 for Au, we can get considerably better agreement as shown in Fig. 8 .
This new increased average DIG will modify the experimental CDFs (see Fig. 8 ). As previously indicated, with the MS average DIGs, only 1% of the Si ions and 4% of the Au ions create gain changes larger than the minimum detectable DIG. With the new average DIG these numbers become 4% and 50%. The remaining discrepancies can be attributed to several effects.
• The device is very small and small changes in the simulation parameters can lead to large changes in the result.
• Heavy ions create larger clusters that can affect the DIG and this effect could be larger in small devices.
• The thickness of the Au electrode can have a significant effect on the simulation due to the EOR conditions (small change in Au thickness can decrease or increase the number of ions reaching the sensitive volume and creating defects). Also, the precision of the electronic energy loss model used in the simulation can have a similar effect.
IV. CONCLUSION We demonstrated that gain degradation due to single ions can be measured in small HBTs. We found that most ions create negligible gain degradation while a few create large enough damage to be observed. The ions that create large gain degradation determine the average gain degradation. The simulation worked well for the large device, but not for the small device. We found the main reason for the discrepancy to be the average gain calculated from the MS curves. These DIGs were lower than the single-ion DIGs due to the annealing during the measurement. This annealing was significantly larger in small devices than in the larger ones due to the larger current density.
We showed for low fluences that when only a small number of ions hit the device, there will be a large variation in gain degradation for nominally identical fluences. Furthermore, the ion mass has a direct impact on the size of the variation as heavier ions can create more defects/ions. It should be pointed out that this result would also hold for neutron irradiations, where only a tiny fraction of the neutrons interact with the atoms of the device. With decreasing device sizes, we are reaching the point when single-ion displacement damage can cause significant variation even in analog devices. Due to the stochastic nature of displacement damage cascade formation, this effect will make it challenging to predict device behavior and potentially force the use of larger margins to ensure device reliability under irradiation conditions. ACKNOWLEDGMENT Sandia National Laboratories is a multimission laboratory managed and operated by the National Technology and Engineering Solutions of Sandia LLC, a wholly owned subsidiary of Honeywell International Inc., for the U.S. Department of Energy's National Nuclear Security Administration under Contract DE-NA0003525.
